High-resolution measurements of impurity ion dynamics provide first-time evidence of classical ion confinement in a toroidal, magnetically confined plasma. The density profile evolution of fully stripped carbon is measured in MST reversed-field pinch plasmas with reduced magnetic turbulence to assess Coulomb-collisional transport without the neoclassical enhancement from particle drift effects. The impurity density profile evolves to a hollow shape, consistent with the temperature screening mechanism of classical transport. Corroborating methane pellet injection experiments expose the sensitivity of the impurity particle confinement time to the residual magnetic fluctuation amplitude. The enhancement of classical Coulomb-collisional diffusive transport that occurs as a result of particle drifts in a toroidal, magnetically confined plasma is well developed theoretically, and is known as neoclassical transport [1] . Experimentally, transport in toroidal magnetic fusion devices like the tokamak and stellarator is typically larger than neoclassical values due to diffusion related to plasma turbulence. However, at least for ion transport, some plasma confinement conditions with low levels of turbulence have attained neoclassical values [2-4], the theoretical lower bound in configurations with a strong toroidal magnetic field. The reversed-field pinch (RFP) magnetic configuration is unlike the tokamak and stellarator in that the gradient in jBj is nearly normal to the concentric toroidal magnetic surfaces, and the magnetic connection length along a field line connecting the toroidally inboard and outboard regions of a magnetic flux surface is shorter because the poloidal and toroidal components are the same order. The drift of particle guiding centers off a magnetic surface is therefore small, for example, the radial width of the banana-shaped drift orbit for particles trapped in the toroidal magnetic mirror is smaller than the particle gyroradius. Hence, the lower limit for radial transport in the RFP is classical rather than neoclassical, even though some toroidal effects persist, such as an enhancement of the parallel electrical resistivity from particle trapping in the toroidal magnetic mirror [5] [6] [7] [8] . The transport in RFP plasmas has typically been much larger than classical as a result of turbulence from large-scale magnetic tearing instabilities. In recent years, techniques have been developed to suppress this turbulence, yielding diffusion coefficients that are reduced locally as much as 30-fold [9] [10] [11] [12] [13] . This creates a unique opportunity to confirm transport from Coulomb collisions without the adverse neoclassical enhancement from toroidicity.
The enhancement of classical Coulomb-collisional diffusive transport that occurs as a result of particle drifts in a toroidal, magnetically confined plasma is well developed theoretically, and is known as neoclassical transport [1] . Experimentally, transport in toroidal magnetic fusion devices like the tokamak and stellarator is typically larger than neoclassical values due to diffusion related to plasma turbulence. However, at least for ion transport, some plasma confinement conditions with low levels of turbulence have attained neoclassical values [2] [3] [4] , the theoretical lower bound in configurations with a strong toroidal magnetic field. The reversed-field pinch (RFP) magnetic configuration is unlike the tokamak and stellarator in that the gradient in jBj is nearly normal to the concentric toroidal magnetic surfaces, and the magnetic connection length along a field line connecting the toroidally inboard and outboard regions of a magnetic flux surface is shorter because the poloidal and toroidal components are the same order. The drift of particle guiding centers off a magnetic surface is therefore small, for example, the radial width of the banana-shaped drift orbit for particles trapped in the toroidal magnetic mirror is smaller than the particle gyroradius. Hence, the lower limit for radial transport in the RFP is classical rather than neoclassical, even though some toroidal effects persist, such as an enhancement of the parallel electrical resistivity from particle trapping in the toroidal magnetic mirror [5] [6] [7] [8] . The transport in RFP plasmas has typically been much larger than classical as a result of turbulence from large-scale magnetic tearing instabilities. In recent years, techniques have been developed to suppress this turbulence, yielding diffusion coefficients that are reduced locally as much as 30-fold [9] [10] [11] [12] [13] . This creates a unique opportunity to confirm transport from Coulomb collisions without the adverse neoclassical enhancement from toroidicity.
In this Letter we provide experimental evidence for the attainment of classical ion transport in a toroidal plasma. Measurements of the radial profile evolution of several impurity ion species, in particular C þ6 , reveal outward convection and the development of a hollow profile of impurity density at the onset of improved confinement using inductive current profile control in the MST RFP (major radius R ¼ 1:5 m, minor radius a ¼ 0:52 m) [14] . This hollow profile is consistent with classical confinement expectations, resulting from the temperature screening mechanism operative when the temperature profile has a stronger gradient than the density profile. Modeling of particle diffusion shows that the time scale for the carbon profile evolution is also consistent with classical transport. Measurements of other dominant ion species (at fewer spatial points) are included to account for ion-ion collisions. Experiments using the injection of frozen methane pellets are also reported that corroborate conclusions based on the natural evolution of carbon impurity sourced from plasma-facing graphite structures mounted on the vacuum vessel. Hollow impurity ion profiles have been observed in tokamak and stellarator plasmas, depending on the particular conditions of the thermal pressure gradient and collisionality [15, 16] . In general, hollow impurity profiles should be favorable for the removal of helium ''ash'' and other impurities in a fusion reactor plasma.
The studies reported here are made in improvedconfinement MST deuterium plasmas with toroidal plasma current $400 kA, line-averaged central electron density n e $ 0:8-1 Â 10 19 m À3 , central electron temperature $1 keV and central ion temperature $0:4 keV. Ion gyroradii are <1 cm. Improved confinement discharges are
week ending 23 MARCH 2012 obtained using inductive control of tearing instability, a technique called ''pulsed parallel current drive'' (PPCD) [9, 10] . The main characteristics of PPCD discharges are reduced magnetic stochasticity, higher core electron temperature, and improved energy and particle confinement [11, 12] . Transport in a stochastic magnetic field has been the principal confinement challenge for RFP plasmas. The test-particle diffusivity [17] , D st ¼ v T i D m , is reduced by more than an order of magnitude with PPCD to D st $ 0:1 m 2 =s, where v T i is the ion thermal velocity and D m % 10 À6 m is the estimated stochastic magnetic field diffusivity for the smaller magnetic fluctuations attained [18] . This value of D st is below the classical transport level for ions. Time evolution of plasma parameters for a typical PPCD discharge in MST is shown in Figs. 1 
The increase in soft-x-ray emission is mainly due to the increase in the electron temperature (typically from $400 eV to $1:2 keV during 400 kA PPCD).
The density of C þ6 is measured using a fast, active charge-exchange-recombination-spectroscopy diagnostic with high spatial ($ 2 cm) and temporal (up to 10 s) resolution [19] [20] [21] . This entails the collection of C VI emission at ¼ 343:4 nm (n ¼ 7 to n ¼ 6 transition) which is stimulated by charge exchange between C þ6 ions and a beam of 50 keV hydrogen atoms injected radially. The local impurity density (n z ) is calculated from the charge-exchange emission brightness [22] .
The temporal behavior of the C þ6 density at three minor radial locations ( ¼ r=a $ 0:02, 0.55 and 0.76) is plotted in Fig. 1(e) . A slow decay of the fully stripped carbon density in the core ( $ 0:02) is apparent during the improved confinement period, following an initial transient increase that reflects residual ionization as the electron temperature rapidly increases. The impurity density in the outer region of the plasma, on the other hand, slowly increases. The profile in the core region (0 0:6) approaches a stationary hollow shape toward the end of PPCD. The radial profile of C þ6 density averaged over $2 ms toward the end of PPCD is shown in Fig. 1(f) and shows the hollow radial profile.
Our calculations of impurity ionization balance using the Atomic Data and Analysis Structure [23] (without transport) show that, in PPCD discharges, due to the high electron temperature, light impurities are mostly fully stripped, and the source (lower charge states) is small in most of the plasma volume. This result is supported by the experimental observation of a slow decay in the core impurity density, even though the core electron temperature increases during PPCD. The slow decay of the impurity density in the core region concurrent with the increase in impurity density in the outer region hence implies an outward convection of impurities. The slow increase of impurity density in the far-outer region ( ! 0:7) is, however, attributed partly to the increasing ionization due to increasing electron temperature.
The classical radial impurity flux (À c ) due to Coulomb collisions with the main ions is given by [24] , where equilibration of temperatures, T c ¼ T i , is assumed. It can be seen that the density and temperature gradients of the main ions act in opposite ways: a negative density gradient leads to core impurity accumulation, while a negative temperature gradient leads to impurity expulsion. This effect is generally called the ''temperature screening,'' where the thermal force due to the ion temperature gradient expels impurities from the plasma core. As the ion density profile is nearly flat in the plasma core, and because there exists a strong ion temperature gradient, classical transport analysis predicts a hollow impurity ion density profile for PPCD discharges. Temperature screening and a hollow impurity profile have been observed in the tokamak in the past [15] . This, however, requires both the main and impurity ions to be in the long-mean free path regime. A tokamak plasma with parameters similar to those in MST would have collisionality in the ''plateau'' regime of neoclassical transport, and the sign of the temperature gradient term would be opposite, leading instead to impurity profile peaking [25] . Equation (1) provides the flux of impurity ions due to collisions with the main light ions only. Collisions with other impurities could significantly modify carbon transport. For example, the mechanism of temperature screening is mass dependent, such that collisions with higher mass impurities could lead to impurity accumulation instead of impurity expulsion. Analysis for multiple impurity ion species yields [26] 
where c ¼ , and Al þ13 ions are measured using charge-exchange-recombination spectroscopy in similar discharges [22, 27] . All impurities and main ions are assumed to have the same temperature profile, as the impurity-main-ion energy equilibration time ($ 0:1 ms) is much less than the impurity lifetime ($ 30-40 ms). This is consistent with majority and impurity ion temperature measurements to date [13] .
To interpret the impurity density measurements, the spatial and temporal evolution of the carbon density is modeled for a given initial radial profile using the diffusion equations, VðrÞn c , where S is the source term, D is the classical diffusion coefficient, and V is the convection velocity representing temperature screening. The source term is assumed to be vanishingly small for the reasons discussed previously. The ion temperature and the main ion (deuteron) density profiles (calculated from the electron and impurity density profiles assuming charge neutrality) are shown in Figs. 2(b) and 2(c) respectively. The ion temperature is measured to be constant during PPCD, while for simplicity the main ion density is fixed, as this does not strongly affect the impurity profile evolution. As shown in Fig. 2(a) , a hollow profile of carbon is predicted to appear rapidly in $10 ms due to the strong temperature screening effect, and then evolves to its stationary shape in about 30-40 ms. The experimental impurity profile at the end of the PPCD period (which lasts 10-15 ms) is also shown for comparison. The experimental profile is scaled for a best fit since the initial carbon density is determined by processes in pre-PPCD conditions. The model profile agrees well with the experimental profile, both in magnitude and shape. The predicted evolution is also close to the observed evolution, most notably the relatively rapid formation of the hollow shape due to temperature screening.
Experiments performed with methane (CH 4 ) pellet injection provide further evidence for classical impurity ion confinement when tearing instabilities are suppressed. A pellet injector designed to make deuterium pellets [28] was straightforwardly modified to form CH 4 pellets ($ 1 mm diameter, $2 mm long) that were injected into PPCD plasmas with a speed of $200 m=s. The time evolution of plasma parameters for a typical impuritypellet-injected plasma is shown in Figs. 3(a)-3(d) . The time evolution of the on-axis C þ6 density shows an initial increase due to pellet injection followed by a slow decay [ Fig. 3(e) ].
A characteristic impurity confinement time c is obtainable from an exponential fit to the decaying density waveform following the onset of improved confinement, as shown in Fig. 3(e) . Pellet injection increases the plasma density, which affects the PPCD-induced fluctuation suppression [29] and exposes sensitivity of c onB, as shown in Fig. 3(f) . A model for classical transport analogous to that described above, except that the initial carbon density profile is assumed much more peaked (as expected for pellet injection), predicts classical (i.e., maximum) c $ 30-45 ms [30] . AsB decreases, c approaches this classical value. The line connecting the data points scales as c /B À0:5 , with an additional weak dependence on density. For reference, particle transport in a stochastic magnetic field would be expected to scale as c /B À2 [17] . All cases in Fig. 3(f) have reduced magnetic fluctuations relative to the standard RFP case where stochastic transport is expected to be dominant, so transport that is not fully stochastic might be expected. There may be other implicit dependencies, especially the plasma temperature. profile used in the model, calculated from n e and impurity density profiles, assuming charge neutrality.
In conclusion, we present the first experimental observation of classical impurity ion confinement in a toroidal magnetized plasma. The radial profile of C þ6 is hollow when magnetic fluctuations are suppressed. The core impurity density decays slowly in time, concurrent with an increase in impurity density in the outer region, indicating outward convection of impurity ions. The profiles agree well with classical expectations. Experiments with impurity pellet injection corroborate the observation of classical impurity ion confinement. The impurity expulsion is due to the ''temperature screening effect,'' which has favorable implications for impurity removal in a RFP fusion reactor.
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